The results of spatiotemporal visualization of the kinetic energy of turbulence, its dissipation rate, and integral scale of turbulence from measurements by a Windcube 200s lidar with the use of the conical scanning by the probing beam in the atmospheric boundary layer are presented. When evaluating the parameters of wind turbulence, the lidar data filtering procedure was applied. This procedure allows obtaining acceptable results with a non-zero probability of bad estimate of the radial velocity.
INTRODUCTION
A method for determination of wind turbulence parameters (kinetic energy of turbulence E , turbulence energy dissipation rate ε , and integral scale of turbulence V L ) from measurements by a micropulsed coherent Doppler lidar (MPCDL) with the use of the conical scanning by the probing beam and the elevation angle equal to ϕ = 35.3° was developed in [1] . This method was tested in a field experiment with the use of Stream Line MPCDL [2] . In that case, the wind turbulence parameters were determined from only those experimental data, for which the probability of bad (false) estimate of the radial velocity b P was nearly zero. The probability b P depends on the signal-to-noise ratio SNR , which is determined as the ratio of the average heterodyne signal power to the average detector noise power in a 50-MHz bandwidth. The lower SNR , the higher b P [3] [4] [5] [6] . To determine the wind speed and wind direction angle from the array of radial velocities measured at low SNR , when the probability b P is significantly nonzero, the filtered sine-wave fitting (FSWF) procedure can be used [7] . However, the filtering of data measured by MPCDL has not been applied earlier for obtaining estimates of the turbulent parameters E , ε , and V L .
In this paper, we propose a method for retrieval of wind turbulence parameters from lidar measurements with the procedure of filtering of good (representative) estimates of the radial velocity. The results of spatiotemporal visualization of turbulence in the atmospheric boundary layer, which were obtained by this method with the use of Windcube 200s MPCDL experimental data [8] , are presented. The efficiency of the applied filtering is analyzed. is the scan number [9] . Using the procedure described in [9] , we obtained estimates of the radial velocity (projection of the wind velocity vector onto the axis of the probing beam) ˆ( , ; ) r k m V R n θ from the spectrum ( ; , , )
The accuracy of these estimates depends on the signal-to-noise ratio SNR.
At arbitrary SNR, when the probability of bad estimate of the radial velocity b P is nonzero, ˆ( , ; ) r k m V R n θ should be represented in the form [10] [11] [12] ( , ; ) ( , ; ) in the case of good estimate, ( , ; ) ( , ; ) in the case of bad estimate,
where ( , ; )
is the radial velocity averaged over the sensing volume centered at the distance k R from the lidar; ( , ; )
is the random instrumental error of good estimate of the radial velocity with zero mean and properties of white noise [3] ; ( , ; )
is the bad estimate of the radial velocity. The bad estimate contains no information about the wind and takes any values in the chosen passband in a random way [3] . If the noise component of the spectrum of lidar signal is white noise, then the probability density function of bad estimate of the radial velocity is distributed uniformly in the velocity range [ /2, /2]
, where λ is the wavelength of the probing radiation, and B is the frequency passband) [12] .
The information about wind turbulence is contained in fluctuations ( , ; ) 
from which we can find the increments (in azimuth) of fluctuations of estimates of the radial velocity ˆˆ( , ; ) ( , ; ) ( , ; )
In the case of nonzero probability b P , when determining the average radial velocity ˆ( , )
, it is necessary to apply the filtering of good estimates of the radial velocity, for example, by the method of filtered sine-wave fitting [7] .
When the probability is b P = 0, the estimate of the radial velocity is described by the top line in the right-hand side of Eq. (1). In this case, the variance 
At the nonzero probability b P , for determination of wind turbulence parameters by Eqs. (6) - (8), the filtering of good estimates of the radial velocity is required. Toward this end, first it is necessary to find three probability density functions (PDFs) (1) ( ) p V , (2) ( ) p V , and
, whose arguments are random values:
The analysis of the signal power spectrum measured by the Windcube 200s lidar has shown that the noise component of the spectrum is close to the white noise within the chosen frequency bandwidth B = 50 MHz [9] . Consequently, the probability density function of ( , ; )
) go beyond this range. In addition, the probability density functions of 
Once the histogram ( ; )
.
We have tested this method for determination of PDF σ of the radial velocity is described in [13] . The red curves in Fig. 1 show PDFs (1) ( ) p V and 
V
(a) and differences in fluctuations of neighboring estimates of the radial velocity (2) V (b) obtained from the data of numerical simulation without (blue curves) and with (red curves) the procedure described by Eqs. (10) - (12).
It follows from the analysis of data shown by the red curves in Fig.1 
where the superscript q = 1, 2, and 3;
2 q σ is the variance of good estimate, and q P is the probability of bad estimate of ( ) q V . Through the least-square fitting of the model PDF
( )
by the red curves in Fig.1 ), we have obtained that A disadvantage of using model (13) in determination of turbulence parameters is that, actually, PDF of good estimate of
, and then
Even if PDFs of the wind velocity components are distributed by the normal law, the distributions (2) ( ) σ (subscript q = 1, 2, and 3), we can use the following algorithm, which does not require specification of model
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Here, the integration limits q V ±Δ are taken equal to 3,5 q σ ± % , and the variance of good estimate 2 q σ% and the probability of bad estimate q P are determined through the least-square fitting of the model PDF of ( ) q V to the measured one.
EXPERIMENT
The above method for determination of wind turbulence parameters from lidar measurements was tested in the field experiment conducted by us in October of 2017 in Oberpfaffenhofen. In this experiment, the Windcube 200s lidar was installed on the roof of the Institute of Atmospheric Physics of the German Aerospace Center (DLR). The measurements involved conical scanning by the probing beam at the elevation angle ϕ = 35.3°. The parameters of the lidar, measurement, and processing of data can be found in Table 1 of [9] . The method for obtaining estimates of the radial velocity, the signal-to-noise ratio, and the wind velocity vector from these measurements by the Windcube 200s lidar are also described in [9] .
As a result of preprocessing of raw data measured by the lidar, we obtain three arrays of the values of Table 1 in [9] ). To determine PDF To obtain the distributions of the turbulent parameters ( , )
k n E h t , and ( , ) h have been developed earlier [17] [18] [19] [20] [21] . In contrast to these methods, we determined mix h from the drop of the vertical profile ( ) k h ε down to the level of 4 
10
− m 2 /s 3 . The time dependence of the thickness of the mixing layer is shown by the red curve in Fig. 5(a) . Despite the weak wind (1 -2 m/s, see Fig.5 in [9] ), the kinetic energy of turbulence at some instants increased up to 1 (m/s) 2 at a height ~ 400 m, which is likely connected with strong convection. Inside the mixing layer, from 100 m to 500 m, the integral scale of turbulence V L mostly increases monotonically in the range from 60 to 220 m with height.
Outside the mixing layer, turbulence is weak ( ε usually does not exceed 4 
− m 2 /s 3 ).
In [1] , the wind turbulence parameters were estimated from the data measured by the Stream Line lidar at zero probability b P . As a result, we succeeded in retrieval of the vertical profiles of turbulence only up to 500 m, which is smaller than the maximum thickness of the mixing layer. The use of the filtering procedure in processing of the data measured by the Windcube 200s lidar has allowed us to obtain the results for the turbulence in the entire mixing layer and to determine its maximum thickness. According to the data shown in Fig.4 (b, c) , without this procedure, we would succeed only in obtaining the results up to the maximal height of 600 m inside the mixing layer. According to our calculations with the use of numerical simulation, for the mixing layer the relative error of lidar estimates of ε , E , and V L does not exceed, respectively, 7%, 10%, and 16%. The results obtained from measurements beyond this layer are less accurate. The weaker the wind turbulence, the higher the error of its lidar estimate. This is especially true for estimates of the integral scale of turbulence, which could be strongly overestimated (see the areas colored in white in Fig. 5(c) ).
SUMMARY
Thus, in this paper we have proposed the method for determination of wind turbulence parameters from measurements by a pulsed coherent Doppler lidar with the use of the conical scanning by the probing beam under conditions of weak echo signal, when the probability of bad estimate of the radial velocity is nonzero. In the field experiment with the Wincube 200s lidar, this method was found to provide an acceptable result only when the probability of bad estimate of the radial velocity does not exceed 0.5. The procedure of filtering of good estimates of the radial velocity used in this method has allowed us to obtain the estimates of the turbulent energy dissipation rate, the kinetic energy of turbulence, and the integral scale of turbulence with relative errors not exceeding, respectively, 7%, 10%, and 16% within the entire layer of turbulent mixing of air masses, whose maximum height during the experiment achieved 700 m. Without application of this filtering procedure, the vertical profiles of the wind turbulence parameters can be retrieved to a maximum of 600 m.
